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CROSS REFERENCE TO RELATED APPLICATIONS 

This invention claims priority to United States Provisional Patent Application Serial No.: 
60/249,927, filed November 17, 2000. 

BACKGROUND 

An important agricultural issue is management of crop-destroying insects. Use of chemical 
pesticides is the primary solution for controlling insects and, in 1999, more than 200 million tons 
of such pesticides were applied in the US. Unfortunately, use of chemical pesticides is a potential 
cause of health and environmental problems, especially if the pesticides get into the soil and water 
supply. 

Concern over the potential hazards of chemical pesticides has generated interest in 
alternative approaches for insect pest control. Entomopathogenic nematodes, in the families 
Steinernematidae and Heterorhabditidae, are lethal insect parasites that have emerged as excellent 
potential biological control agents for a number of reasons. Entomopathogenic nematodes cause 
rapid mortality of a broad range of insects. The nematodes are easily mass produced, 
Entomopathogenic nematodes are also safe for mammals. In fact the US Environmental Protection 
Agency (EPA) has exempted entomopathogenic steinernematids and heterorhabditids from 
registration and regulation requirements, thus simplifying considerably the application, 
development and commercialization of new nematode formulations. 

Entomopathogenic nematodes have a symbiotic association (i.e., living together with 
mutual advantage to both organisms) with bacteria in the family Enterobacteriaceae. The free 
living stage of the nematodes, called the infective juvenile (D) or dauer, seeks out and infects a 
host insect. Following penetration into the insect, the Us release the bacteria into the insect blood 
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stream. The bacteria multiply rapidly, killing the insect host within 24-48 hours. Nematodes 
complete 2-3 generations in the cadaver and new Us are produced that then leave the insect and 
seek out new hosts. 

Nematodes have been used as insecticides in high value crops, including citrus, cranberries, 
5 mushrooms, greenhouse ornamentals, and turfgrasses. The application of these nematodes to soil or 
plants provides levels of insect control comparable to that of chemical insecticides. The natural habitat 
of entomopathogenic nematodes is the soil. Nematodes can survive in various conditions of moisture, 
temperature, texture and chemical composition associated with different soil types. Consequently, 
nematodes are found on all continents, except Antarctica, and at nearly all latitudes and altitudes. 
10 Considered as a group, entomopathogenic nematodes are currently the second most utilized biocontrol 
4jj agent against insect pests, after Bacillus thuringiensis. 

d\ Although nematodes are excellent biocontrol agents, their present use has significant 

f s limitations. Because the natural habitat of entomopathogenic nematodes is the soil, nematodes are 
m not well adapted to tolerate direct sunlight, ultraviolet (UV) irradiation, or low humidity (i.e., < 
l|| 80% relative humidity) and can withstand only limited exposure to these conditions. The 
I L sensitivity of nematodes to inactivation by extremes of the physical environment prevents them 
p from reaching their full potential as insecticides, in particular when applied to exposed surfaces, 

lis a 

k?! such as foliage. Therefore, successful use of nematodes for insect control is currently limited 
principally to soil or protected environments, where the nematodes are shielded from sunlight and 
20 rapid drying. 

In summary, although nematode activity on plant foliage is possible, outdoor activity of the 
infective juvenile nematodes (Us) on the leaf is limited to several hours because of their inability to 
withstand the physical environment. This is a situation that is economically unacceptable. 
Although numerous formulations have been developed to improve the nematode activity on the 
25 crop and in storage, major improvements are still very much needed. 

SUMMARY OF THE INVENTION 
In one aspect, the present invention provides a method for protecting plants from insects. 
The method comprises: applying a formulation comprising partially-desiccated nematodes and a 
30 carrier to plant surfaces growing above the surface of the ground (e.g., foliage). Such formulation 
has a water activity (Aw) which is less than 0.998. The carrier comprises water and a substance 
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which substantially maintain the water activity of the formulation (i.e. the substance inhibits 
evaporation of free water from the formulation, and thus, the water activity of the partially- 
desiccated nematodes, at levels of from about 0.980 Aw to about 0.940 Aw for a period of 24 
hours when the formulation is exposed to air at 70% relative humidity and 25°C. In one 
5 embodiment, the carrier is a solution or gel comprising water and a water-retentive polymer. In 
another embodiment, the carrier is a solution which comprises water and a humectant. In a further 
embodiment, the formulation comprises both a water-retentive polymer and a humectant. 
Preferably, the formulation further comprises an ultraviolet (UV) light protectant. In another 
aspect, the present invention relates to the formulations that are used in such methods. 

10 

3 BRIEF DESCRIPTION OF THE FIGURES 

^ Figure L Mean survival of partially-desiccated and fully-hydrated (i.e., non-desiccated) 
Ml infective juvenile Steinernema carpocapsae. The nematodes were partially-desiccated through 
| slow drying in controlled humidity. Nematode survival was determined following 24 hour 
15* rehydration in water and was tested at 70% relative humidity at 25°C. Bars indicate standard 
H error. 



Figure 2. Percentage mortality of third instar Trichoplusia ni larvae and Heliothis virescens 
H larvae fed on cabbage leaf discs treated with partially-desiccated and full-hydrated infective 
20 juveniles of Steinernema carpocapsae. 

Figure 3. Survival and pathogenicity of partially-desiccated and full-hydrated Steinernema 
carpocapsae sprayed on cabbage plants in a Conviron growth chamber at 80% relative humidity. 
(A) Survival of the nematodes. (B) Mortality of cabbage looper, Trichoplusia ni larvae. 

25 

Figure 4. Survival and pathogenicity of partially-desiccated and fully-hydrated S. carpocapsae 
on potted cabbage plants held out-of-doors. (A) Survival of the nematodes. (B) Mortality of T. 
ni larvae caused by the nematodes. The temperature varied between 68°F to 98°F and the 
relative humidity varied between 60% and 100%. The experiment was initiated at 1 1 :00 AM on 
30 July 14, 2000 when there were no clouds in the sky. Nematode survival and pathogenicity 
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against T. ni were evaluated as described in Examples 1 and 2. The nematodes were osmotically 
desiccated in 25% glycerol for two days prior to application. 

Figure 5. Survival of partially-desiccated and Mly-hydrated Steinernema carpocapsae at 40°C 
5 for different periods. The nematodes were osmotically desiccated in various glycerol 
concentrations (shown as water activities, Aw) for two days at a concentration of 5,000 
nematodes per ml. Samples (100 |nl) were taken after 4, 8, and 16 hours of heat treatment, and 
nematode viability was determined after rehydration in 100 ml of water overnight. 

10 Figure 6. Enhanced tolerance of partially-desiccated Steinernema carpocapsae to additional 
rapid desiccation. The nematodes were osmotically desiccated in 25% glycerol for two days 
^| prior to exposure to different desiccating regimes. The partially-desiccated or fully-hydrated 
111 nematodes were then rapidly plunged into different glycerol concentrations and survival was 
% assessed at different intervals by taking 100 jxl samples as described in Example 5. The glycerol 

ill concentrations were A - 30%, B = 35%, C = 40%, and D - 45%. 

!T Figure 7. Mortality of second instar cabbage looper, Trichoplusia ni caused by the partially- 
desiccated or fully-hydrated Steinernema carpocapsae. The nematodes were osmotically 

Q desiccated in various concentrations of glycerol (shown as water activities) for two days. One 20 
20 (il drop containing 20 nematodes was placed on a 1 cm 2 leaf disc placed in a well of a 24-well 
plate. One second instar T. ni larva was placed in each well. The insects were given additional 
leaf discs (without nematodes) daily. There were four replicates with 12 larvae in each replicate. 
Final insect mortality was recorded 3 days after the nematodes were applied. 

25 DETAILED DESCRIPTION OF THE INVENTION 

Although entomopathogenic nematodes are effective insecticides in protected 

environments, their effectiveness on foliage is limited because of poor survival due to inability to 

withstand the physical environment (i.e., conditions of drying and exposure to ultraviolet light). 

The present invention relates to a method which employs a formulation comprising partially 
30 desiccated nematodes and having an Aw less than 0.998 and greater than 0.935, preferably from 

about 0.980 to about 0.940, to protect plants from infestation by insects. Such formulation further 



4 



22727/04028 



comprises a carrier which comprises water and a substance which maintains the Aw of the 
formulation and, thus, the nematodes, at a level of from about 0.940 Aw to about 0.980 Aw, during 
a 24 hour exposure of the formulation to air at 70% relative humidity and 25°C. Such formulation 
enhances the insecticidal effectiveness of entomopathogenic nematodes on foliage by improving 
5 nematode survival in unfavorable environments. In one embodiment, the formulation comprises 
partially-desiccated nematodes and a gel-forming polymer, preferably a water-retentive polymer. 
In other embodiments, the formulation comprises a humectant or a combination of humectant and 
gel-forming polymer. Preferably the formulation further comprises an ultraviolet (UV) light 
protectant. The formulation is either a liquid or a gel. The method comprises applying the 
10 partially-desiccated nematode formulation to plant surfaces growing above the surface of the 
*rj ground, particularly to plant foliage. 

~j\ Herein, the term partially-desiccated nematodes" refers to nematodes having a water 

activity (Aw) which is from about 0.980 to about 0.940. In accordance with the present 
S invention, it has been shown that nematodes having such Aw survive for 24 hours when exposed 
IT to air at 60% to 100% relative humidity and temperatures ranging between 68° and 98°F, and are 
pathogenic to insects. 

U Aw is a measure of how tightly water is bound, structurally or chemically, to the 

p5 nematodes or to the formulation comprising the nematodes. As opposed to water content, Aw is 
^ influenced by bonding of water molecules to the surface of substances as well as osmosis. Water 
20 activity of the nematodes or the final formulation can be determined using a water activity meter, 
such as those routinely used in the food industry (e.g., AquaLab Model CX-2, Decagon Devices, 
Inc., Pullman, WA). Such instruments contain a sealed measurement chamber. Aw is defined 
as the ratio of water vapor pressure in the chamber over a sample (P), e.g. the partially desiccated 
nematodes or the final formulation, divided by the water pressure over pure water (Po). Thus, 
25 multiplication of the water activity of the sample by 100 yields the relative humidity of the 
atmosphere in equilibrium with the sample. 

Through equilibration, viable nematodes (i.e., nematodes that are fully hydrated or are 
capable of being hydrated) assume the Aw of their surroundings. Thus, viable nematodes 
achieve an Aw of 1.0 when placed in water for a sufficient amount of time. Similarly, viable 
30 nematodes suspended in a solution comprising water and a water-retentive substance, such as for 
example a solution comprising water and glycerol, assume the Aw of the solution. In addition, 
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viable nematodes maintained in air having a relative humidity of 95% will, after a certain period 
of time, achieve an Aw of 0.95. 

Thus, partially desiccated nematodes can be prepared by incubating viable nematodes in 
a sealed chamber having a relative humidity of from about 94% to about 98%. Alternatively, 
5 partially-desiccated nematodes can be prepared by suspending the viable nematodes in a solution 
having a water activity of from about 0.940 to about 0.980. 

Carriers 

In order to prevent the partially-desiccated nematodes from drying out prior to ingestion 
10 by the insects, particularly the larvae of the plant insects, viable nematodes are combined with a 
■W carrier prior to application to plants. The carriers comprise water and a substance or agent that 
*|! retards or inhibits evaporation of water and, thus, permit the formulation to substantially 
■}7j maintain a water activity of between 0.980 and 0.940, when exposed to air between 25°C and 
l % 40°C and a relative humidity below 1 00%. 

IP In one embodiment, the substance is a water-retentive polymer. The water-retentive 

|U polymer is dissolved in water or a water-based solution, such as a buffered solution, and then 
combined with the partially-dessicated nematodes. Preferably, the water-retentive polymer is a 
%tl gel-forming polymer. Examples of such gel-forming polymers include, but are not limited to, 
|I> agarose, carbopols, carrugeenan, dextrin, guar gum and gellan gum. The gel-forming polymers 
20 are liquid at room temperature and can be induced to gel by adding a gel inducing agent, such as 
for example an ion, to the formulation. The gel inducing agent can be added at the time the 
partially desiccated nematodes are combined with the carrier, or, alternatively later, such as for 
example, just prior to application of the formulation to the plant. Advantageously, nematodes 
that are suspended in a water-containing gel are more likely to attach to foliage. 
25 In another embodiment, the substance or agent is a humectant Humectants, such as for 

example, glycerol, polyethylene glycol, soluble collagen (Collasol), Folicote, Norbak, sorbitol, 
Rodspray and Nufilm can be used. Preferably, the humectant reduces evaporation, increases 
adhesion to foliage, and has little toxicity to the nematodes or insects. 

In another embodiment, the formulation comprises both a water-retentive polymer and a 
30 humectant. 
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Other Ingredients 

Because nematodes are sensitive to UV light, their survival on foliage is decreased by 
exposure to sunlight. Addition of UV protectants, to the formulation comprising the partially 
desiccated nematodes and carrier enhances survival of nematodes on exposed foliage. Therefore, 
5 UV protectants, preferably, are added to the nematode formation before application to foliage, 
UV protectants, such as for example, acridine yellow, alkali blue, brilliant yellow, congo red, 
lissamine green, mercurochrome, methylene blue, benzilidine sulfonic acid, Ulvinul DS49, Erio 
Acid Red, Raymix and Tinopal can be used. 

10 Application of the Formulation to the Plants 

J j; Previous methods for applying partially-desiccated nematodes to plants have employed 

water-dispersable granules of partially-desiccated nematodes that are first suspended in water to 

hj provide a suspension having an Aw of 0.998 to 1.0, and then applied to the soil surrounding the 

2 plant or to the foliage of the plant. In accordance with the present invention, it has been 
IPS determined that rehydration of the partially-desiccated nematodes is not required prior to 

jU application. Accordingly, the present formulation, which has an Aw of from about 0.940 to 

.f" about 0.980, is applied directly to the plants, particularly to the foliage. Preferably, the 

u! formulation is applied by spraying the foliage of the plant. 

m Examples 
20 The following examples are for purposes of illustration only and are not intended to limit 

the scope of the claims which are appended hereto. 

Example 1 . Survivability of Partially Desiccated Nematodes . 

Nematodes were partially-desiccated through slow drying in controlled humidity as 
25 described in Simons and Poinar (1973) J. Invertebrate Pathology 22: 228-230, which is 
specifically incorporated herein by reference. Specifically, infective juveniles (U) were 
desiccated on membrane filters at 97% relative humidity in glass desiccators for 12 hours at 
25°C. They were then transferred to 93% relative humidity for another 12 hours. Survival of 
these partially-desiccated nematodes was then compared with that of fully-hydrated (i.e., non- 
30 desiccated) infective juveniles. Samples of the partially-desiccated and non-desiccated 
nematodes were transferred to a 70% relative humidity environment and assayed after 6, 12, and 
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24 hours, then every 24 hours until 7 days. Nematode viability was determined after hydrating 
the nematodes in water for 24 hours. Nonmobile nematodes were probed to confirm viability. 
The partially-desiccated nematodes survived for more than 7 days at 70% relative humidity, 
whereas the fully-hydrated nematodes perished within 6-12 hours (Fig. 1). 

5 

Example 2. ftifectivity of the Partially Desiccated Nematodes of Example 1 

The infectivity of the partially desiccated nematodes of example 1 against the cabbage 
looper, Trichoplusia ni> and tobacco budworm, Heliothis virescens, was determined using a 
cabbage leaf disc bioassay. Nematodes were partially desiccated as described in Example 1 (Aw 
10 = 0.944). The partially desiccated nematodes were suspended in a 25% glycerol solution (Aw = 
W 0.944). A formulation comprising 100 partially-desiccated nematodes in 20 jil of glycerol 
solution and a control suspension comprising 100 non-desiccated nematodes in 20 jllI of water 
^ were placed on a 1 cm diameter leaf disc in a 5 cm diameter Petri dish containing one filter paper 
W (one leaf disc per dish). Thirty instar T.niorH. virescens larvae were placed in each dish, which 
l|h were then incubated at 25°C. Larval mortality was recorded after 48 hours. Data were corrected 
j\ ' for control mortality and converted to percentages. Results showed no differences between the 
"H partially-desiccated nematode formulation and the control suspension in larval mortality for 
In either insect species (Fig. 2). These results indicate that partially-desiccated nematodes 
!r* suspended in a formulation having an Aw of 0.944 recover in the gut of the larvae, penetrate the 
20 hemocoel, release the symbiotic bacteria, and cause insect mortality equivalent to the fully- 
hydrated larvae within 48 hours. These results also demonstrate that partially-desiccated 
nematodes need not be re-hydrated prior to application to a plant. 



Example 3. Survival and pathogenicity of partially-desiccated Steinernema carpocapsae under 

25 laboratory conditions. 

Infective juvenile Steinernema carpocapsae were partially-desiccated in 25% glycerol for 
two days prior to application (Aw = 0.944). Control, fully-hydrated (i.e., non-desiccated) 
nematodes were also tested. The nematodes were applied to plants with a C0 2 pressurized hand 
sprayer. The non-desiccated nematodes were applied to plants in water and the partially- 

30 desiccated nematodes were applied in 25% glycerol solution. To determine nematode viability, 
leaves were collected from the plants, cut into 1 cm 2 pieces and viability was determined as 
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described in Example 1 and the results are shown in Fig. 3 A. The partially desiccated nematodes 
survived for 8 days at 80% relative humidity as compared to the fully-hydrated, i.e., non- 
desiccated, nematodes that survived for only 3 days. The survival of non-desiccated nematodes 
dropped to about 10% within the first 20 hours after applications to the foliage whereas the 

5 survival of the partially desiccated nematodes was over 70%. About 30% of the partially- 
desiccated nematodes survived for over 8 days. 

To test pathogenicity of the partially desiccated nematodes and the non-desiccated 
nematodes, the 1 cm 2 pieces from the leaves were fed to the T. ni larvae and then survival of the 
larvae was determined. Partially-desiccated nematodes caused significantly higher mortality of 

10 the cabbage looper when the collected leaf discs were fed to the larvae (Fig. 3B). After 20 hours 

«;( of exposure, the non-desiccated nematodes caused no larval mortality, but the desiccated 

u-J nematodes caused 92% mortality. 

Example 4. Survival and pathogenicity of partially-desiccated Steinernema carpocapsae under 
Igj mini-field conditions 
l& A glycerol containing formulation comprising partially-desiccated nematodes and having 

an Aw of 0.944 was prepared as described in Example 3. The formulation was applied to plants 
k[| as described in Example 3. When indicated, Tinopal, a fluorescence brightener, was added to the 
r? partially-desiccated nematode formulation and the non-desiccated nematode water suspension 
20 before application to the plants. Viability of nematodes and of insect larvae that were fed the 
leaves were determined as in Example 3. In this example, survival of non-desiccated nematodes 
dropped below 5% within 2 hours as compared with 73% survival of the partially-desiccated 
nematodes (Fig. 4A). Tinopal improved survival of both the partially-desiccated and non- 
desiccated nematodes (53% and 83% for the non-desiccated and partially-desiccated nematodes, 
25 respectively). About 29% of the partially-desiccated nematodes survived 24 hours in the field 
with Tinopal and about 8% survived without Tinopal 

The surviving nematodes were infective and caused mortality of T. ni larvae fed on leaf 
discs obtained from the plants (Fig. 4B). Two hours after exposure to the plants, the non- 
desiccated nematodes caused only 20% larval mortality whereas the partially-desiccated 
30 nematodes caused 95% mortality (corrected for control mortality). The partially-desiccated 
nematodes also caused 92% and 78% larval mortality after 8 hours of exposure on the plants, and 



9 



22727/04028 



75% and 23% mortality after 24 hours exposure of the nematodes on the plants with and without 
Tinopal, respectively. 

Example 5, Tolerance to Heat of Partially-desiccated Nematodes Suspended in a Formulation of 
5 the Present Invention. 

Steinernema carpocapsae were desiccated in various concentrations of glycerol for two 
days at a concentration of 5,000 nematodes per ml. Partially-desiccated and control, non- 
desiccated nematodes which had been suspended in water, were kept at 40°C for different 
periods (Fig. 5). Samples (100 jil) were taken and nematode viability was determined after 
10 rehydration in 100 ml of water overnight. The partially-desiccated nematodes displayed 
^: enhanced tolerance to heat. Nematode survival depended on the level of desiccation and time of 
%B exposure. Maximum heat tolerance was obtained when the formulation comprising the partially 
7a desiccated nematodes had an Aw of 0.959. 

lil Example 6. Ability of Partially-Desiccated Nematodes to Withstand Additional Rapid 
L> . Desiccation 

Infective juvenile Steinernema carpocapsae were partially-desiccated in 25% glycerol for 
\y two days prior to exposure to additional desiccation in higher concentrations of glycerol (Fig. 6; 
g A = 30%, B = 35%, C - 40% and D = 45%). The partially-desiccated nematodes showed 
20 significantly higher survival than the non-desiccated nematodes. For example, the survival of 
non-desiccated nematodes, which were then exposed to 45% glycerol (0,844 Aw), dropped 
below 5% within 9 days while the partially-desiccated nematodes, exposed to 45% glycerol, had 
60% survival at 9 days. 

25 Example 7. Effect of Extent of nematode desiccation on insect killing. 

Infective juvenile Steinernema carposocapsae were partially-desiccated in a solution 
comprising various concentrations of glycerol (shown as water activities in Figure 7 ) for two 
days. Samples of each suspension comprising twenty nematodes were placed on a 1 cm 2 leaf 
disk and fed to a second instar T. ni larva. Insect mortality was determined 3 days after the 

30 nematode suspensions were applied. The data show that nematodes having, an Aw of from 
0.990 to 0.959 are most effective at killing the insect larvae. (Fig. 7). 

10 



